Abstract. This paper proposes a parallax barrier with an elliptical pattern that reduces the cross talk caused by light leakage from adjacent subpixels in autostereoscopic three-dimensional (3-D) displays. To find the optimum size of the elliptical barrier pattern, the relationship between the reduction of the light leakage and that of the luminance is analyzed. In addition, we analyze the relationship between the cross talk and the luminance. By using these relationships, we propose an optimum size of the ellipse. An autostereoscopic 3-D display with the elliptical barrier is compared with 3-D displays with the slanted barrier and the rectangular one. The measured cross talk of the slanted-type 3-D display whose pixel size is 98 × 294 μm was 57%. However, the cross talk of the ellipse-type 3-D display was 32% at the similar luminance condition when the minor and major axes are 92 and 278 μm, respectively. For generalization, we investigate autostereoscopic 3-D displays with different pixel sizes and different viewing distances. We find the optimum area of the ellipse is 70% of the subpixel area to reduce the cross talk. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
These days, many types of autostereoscopic display devices have been developed. One optical technology used in autostereoscopic displays is a parallax barrier. Autostereoscopic displays with the parallax barrier have superior three-dimensional (3-D) display characteristics and low costs. 1, 2 Autostereoscopic displays provide views for multiple viewers to perceive stereoscopic images without glasses. 3, 4 A barrier with a slanted pattern has been generally used for autostereoscopic displays because it features a balanced resolution in both the horizontal and vertical directions and reduced moiré artifacts on the display screen. However, a conventional autostereoscopic display with the slanted parallax barrier suffers from undesired cross talk that deteriorates the stereoscopic image quality. [5] [6] [7] [8] There are many kinds of factors that influence the cross talk in autostereoscopic displays. Kooi 9 found that the contrast of the display and binocular disparity of the 3-D images are the important factors that determine the cross talk. He found that cross talk is less visible when the displays and 3-D images have a high contrast ratio (100∶1) and a reasonable binocular disparity (40 arc min), respectively. Kooi and Toet 10 found that the vertical disparity of human eyes and blur of the 3-D images affect the visual comport. The cross talk becomes more visible with increasing vertical disparity and sharpness of the 3-D images. However, the most important factor that influences cross talk in autostereoscopic displays with parallax barrier is the light from adjacent subpixels. 11, 12 Generally, pixels of the display are rectangular, thus a slanted barrier cannot completely block the light from adjacent subpixels as shown in Fig. 1(a) . In order to solve this problem, many methods have been proposed such as modified pixel layout, 6 fusion of viewing zones, 13 and so on. As shown in Fig. 1(b) , Mashitan et al. proposed a multiview autostereoscopic display with a rectangular barrier pattern. 14 However, they did not study the cross talk characteristics of the rectangular barrier pattern. We expect that the rectangular barrier pattern can solve the structural limitation of the conventional slanted barrier pattern. In our experiment, we verified that the rectangular barrier pattern is superior to the conventional slanted barrier pattern with regard to cross talk. However, the autostereoscopic displays with the rectangular barrier pattern also suffer from cross talk caused by unwanted light leakage from adjacent subpixels as shown in Fig. 2 . The unwanted light leakage mainly falls into three classifications: first is light leakage from vertically and horizontally adjacent pixels (e.g., to the second pixels from the first and third), second is from diagonally adjacent pixels (e.g., to second pixels from the fourth and sixth), and the third is the light leakage from adjacent pixels of the same viewpoint (e.g., to second from the other second pixels). The cross talk caused by light leakage from adjacent subpixels must be resolved because cross talk is the most critical issue impeding the development of 3-D displays.
In this paper, we analyze how the cross talk is influenced by the various barrier patterns and various sizes of barrier patterns. Finally, we propose a new parallax barrier pattern and its optimum size that would resolve the cross talk caused by light leakage.
Device Structure
We used a 19-in. SXGA (1280 × 1024) patterned-vertical alignment (PVA) liquid crystal display (LCD) for our experiments. The size of a subpixel is approximately 98 × 294 μm. The horizontal and vertical lengths of black matrix are 11 and 21 μm as shown in Fig. 3(a) . The optical structure of the autostereoscopic 3-D display is shown in Fig. 3(b) . The LCD panel is located under the parallax barrier with a gap, g, of 0.75 mm. The distance between the right and left sweet spots, b, must be equal to the interpupillary distance, once again, assumed to be 65 mm. 15 Thus, the optimum viewing distance, d, is determined as 50 cm. 15 
New Parallax Barrier Pattern with Elliptical Shape
In the case of the slanted barrier pattern, light leakage is not the main reason for cross talk because of the structural limitation as shown in Fig. 1(a) . The main reason for cross talk in the slanted barrier pattern is that the slanted barrier cannot completely cover the subpixel's boundaries. In the rectangular barrier pattern, the main reason for the cross talk is the light leakage from adjacent subpixels. To solve this problem of light leakage in the rectangular barrier pattern, we need to carefully investigate it. Figure 4 shows microscopic images of how the light leakage depends on the test image pattern. In Fig. 4 , only the area of the fourth view is open and the other area for the remaining views is blocked. The size of the open area is about 98 × 294 μm which is the same size as a single subpixel as shown in Fig. 3(a) . Thus, it is natural to expect images through the fourth view only at the fourth view point. At this time, the distance between parallax barrier and LCD panel is 0.75 mm (g) which is the same as condition to Fig. 3(b) . We took a microscopic image at the position normal to 4C pixel on the barrier. The subpixel 4C is turned off in Fig. 4 . Figure 4 (a) shows a microscopic image of when two red subpixels that are located at the upper and lower positions in relation to the subpixel 4C are turned on. If the light leakage from vertically adjacent pixels does not exist, 4C pixel has to display a pure black image as shown in ideal image of Fig. 4(a) . However, we can easily observe the light leakage from vertically adjacent pixels as shown in actual photo of Fig. 4(a) . In Fig. 4(b) , we can also observe the light leakage of when a subpixel at each of the left and right side of the subpixel 4C are turned on. Also, we cannot neglect the light leakage from diagonally adjacent pixels as shown in Figs. 4(c) and 4(d). As a result, we can find that we need to consider two things to reduce the light leakage from adjacent subpixels: The first is the horizontal and vertical lengths of the barrier pattern. The second is the shape of the barrier. The light leakage from horizontal and vertical directions will decrease if the horizontal and vertical lengths of the barrier pattern decrease. The luminance, however, will decrease. Thus, it is important to find the optimum lengths of the barrier pattern. The rectangular pattern is not appropriate to reduce the light leakage from diagonally adjacent pixels. In order to consider cross talk and luminance simultaneously, we propose a new parallax barrier pattern with an elliptical shape. We investigate the cross talk carefully taking various lengths of major and minor axes into account.
Results and Discussion
To verify the effectiveness of the elliptical barrier pattern, we used the six-view autostereoscopic display with various elliptical pattern sizes for our experiments. In addition, we compared the performance of the elliptical barrier pattern with those of the slanted and rectangular barriers. Figure 5 shows the microscopic images and calculated cross talk of slanted parallax barrier patterns with widths ranging from 53 to 108 μm. Figure 6 shows the microscopic images and cross talk of the rectangular parallax barrier patterns ranging from 46 × 222 μm to 98 × 294 μm, respectively. We can calculate the cross talk described by 13 Cross talkð%Þ ¼
In Eq. (1), L 1 and L i represent the luminance of the first view pixels and the luminance of the i'th view pixels measured at the first view position, respectively. When we measure the cross talk of the first viewpoint, as shown in Fig. 3(b) , we fix the color analyzer at the first view's position, and we display white at the pixels for the first view and black at the pixels for the other views. We can measure the first view's luminance. Then, we display white at the pixels for the second view and black at the pixels for the other views. We can measure the second view's cross talk at the first view position. We can measure from the third to the sixth view's cross talk at the first view position in the same way. At this time, color analyzer is still fixed at the first view position. We can obtain precise values because the color analyzer and display panel are both fixed. Figure 7 shows a summary of how cross talk changes depending on the sizes of both the slanted and rectangular barrier patterns. The results show that a rectangular barrier pattern is superior to a slanted barrier pattern. For example, when we compare the slanted barrier pattern of width of 98 μm (No. 2 in Fig. 5 ) with the rectangular barrier pattern of size 86 × 262 μm (No. 2 in Fig. 6 ), the cross talk of the rectangular barrier pattern (No. 2 in Fig. 6 ) has a lower cross talk than that of the slanted barrier pattern (No. 2 in Fig. 5 ) in spite of the fact that the luminance of the two is similar. This means that the rectangular barrier pattern has a better cross talk performance than the slanted barrier pattern. Figure 8 shows the measured characteristics of the slanted barrier with the width of 98 μm and the rectangular barrier with the area of 86 × 262 μm. We display white at the pixels for the first view and black at the pixels for the other views. Then, we move the color analyzer from the fourth view position to the third view position. We can measure the optical characteristics of the first view as shown in Fig. 8 . We can measure from the third to the sixth view's optical characteristics in the same way. As shown in Fig. 8 , the measured luminance of the first view had a peak value, and the perceived luminance values of the two different displays are similar at the sweet spot. As denoted by solid rectangle in Fig. 8 , the cross talk of the rectangular barrier is smaller than that of the slanted barrier pattern.
However, the light leakage from diagonal directions as shown in Fig. 2 was not yet considered. Thus, we propose a new parallax barrier pattern with an elliptical shape to reduce cross talk more effectively by blocking leakage. We investigate cross talk carefully taking various lengths of major and minor axes into account. Here, the major axis means the larger of two axes, which corresponds to the largest distance between antipodal on the ellipse, whereas the minor axes means the one with the smallest distance across the ellipse. When the lengths of both the major and minor axes are short, the cross talk caused by light leakage is improved while the luminance of the panel is not. It always suffers from the trade-off between brightness and cross talk. Therefore, finding the optimum lengths of the ellipse pattern is important. In order to find it, we investigated the relationship between the cross talk and the length of the elliptical pattern with an optical simulator, light tools. Figure 9 shows a schematic of an optical simulation. We arranged 9 pixels as shown in Fig. 9(a) . The pixels have the same size as those of the LCD panel used in the previous experiment. Figure 9 We simulated the various sizes of elliptical barrier patterns as shown in Fig. 10 , and we calculated the cross talk using the ratio of the number of light rays for light leakage component to luminance component.
We fabricated the elliptical barrier pattern. Figure 10 shows the microscopic image of elliptical barriers with the various lengths of major and minor axes. When the length of the major and minor axes was larger than the pixel size (98 × 294 μm), we blocked the area of the ellipse that was larger than the pixel size to prevent it invading the area of its adjacent pixel. We need to find the relationship between the cross talk and various lengths of the major and minor axes of the elliptical barriers. First, we analyzed the relationship between the reduction of light leakage and as reduction of luminance depending on the size of the ellipses as shown in Fig. 11 . The black solid line is introduced as a reference with a slope of 1. Thus, if the slope of data is higher than 1, the reduction ratio of leakage is larger than that of luminance, which is more efficient. The red circles and solid diamonds show the simulation and measurement results for each size of ellipse, respectively. The blue solid and green dashed lines are the fitting lines with different slopes. As shown in Fig. 11 , we find that the blue solid line is more efficient than the green dashed line because the slope of the blue line is higher than 1 while the green line is almost 1. From the results of Fig. 11 , we can deduce that the optimum size of the ellipse is 92 × 278 μm. Second, we analyzed the relationship between cross talk and luminance in the same way as shown in Fig. 12 . The reduction of cross talk for the blue line is steeper than that of the green line, which means that the optimum size was also the same as was determined by Fig. 11 . From these results, we can deduce that the optimum size of the ellipse is 92 × 278 μm. Figure 13 shows the overall result of how the cross talk depends on the luminance as well as the pattern and size. As shown in Fig. 13 , the elliptical pattern shows superior cross talk characteristics when compared to the slanted pattern, and the cross talk is further reduced than the rectangular pattern. The cross talk of the elliptical barrier with the optimum size of 92 × 278 μm was about 32%, whereas the slanted and rectangular one are about 57% and 36% cross talk, respectively, at the same luminance.
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Cross talk As a result, we can obtain the best performance with an elliptical barrier pattern out of all the barriers at the same luminance. Furthermore, we can also deduce that having a barrier size smaller than 92 × 278 μm is inefficient in terms of cross talk reduction due to the excessive luminance reduction. We took actual photos depending on the shapes of barriers as shown in Fig. 14. Figure 14 (a) represents the actual photos taken when we displayed a red box at the pixels for the first view and a white box at the pixels for the other views. Figures 14(b) and 14(c) show the photos for green and blue, respectively. We used slanted, rectangular, and elliptical patterns with widths 98 μm, size of 86 × 262 μm, and 92 × 272 μm, respectively. Measured luminance was almost the same. However, we can see more saturated red, green, and blue colors from the display with the elliptical pattern than the other ones due to reduced cross talk. Thus, we can prove that actual cross talk is decreased. Figure 15 shows the photos taken from the 3-D rectangular image when the horizontal disparity was 30 pixels. We took photos at the location of the right eye. Thus, the cross talk appeared at the right side of the rectangular image because the viewer cannot help perceiving the left image. As shown in Fig. 15(c) , we can see that the cross talk region of Fig 14(c) is darker than those of Figs. 14(a) and 14(b). In addition, we simulated to find an optimum size depending on the pixel size and viewing distance. First, as shown in Table 1 , we simulated five conditions of different pixel sizes. In the simulation, we varied the sizes of the ellipse according to the ratios of the area of the ellipse to pixel area. For example, the area of the ellipse with the 92 × 278 μm is 70% of the area of the pixel with the 98 × 294 μm. The gap between the barrier and the panel was adjusted according to the pixel area so that the viewing distance may be fixed to 50 cm. We can actually observe that the ray ratio of light leakage is almost constant regardless of the length ratio of a major axis and minor axis as shown in Fig. 16 . Thus, we fixed the length ratio of the major and minor axes to 3∶1, the aspect ratio of the LCD. Figure 17 shows the simulation results. The reduction ratio of leakage for 70% to 100% of the pixel area is larger than that of luminance, whereas the reduction ratio of leakage for the area smaller than 70% of the pixel area is the same as that of luminance. We can deduce that the most efficient area of the ellipse is 70% of the pixel area to reduce the cross talk.
Second, we varied the viewing distance to find an optimum condition. The gap between the barrier and the panel was adjusted viewing distances to 30, 50, 60, 80, and 100 cm when the pixel size is 98 × 294 μm. As shown in Fig. 18 , we can find that the most efficient area of the ellipse is 70% of the pixel area to reduce the cross talk regardless of viewing distance. In summary, the optimum area of the barrier is 70% of the pixel area regardless of pixel sizes and viewing distances to reduce the cross talk. Table 1 ). Table 1 ).
Conclusion
In this paper, we propose a new parallax barrier pattern with an elliptical shape that reduces the cross talk caused by light leakage from all the adjacent subpixels. Because of the tradeoff between the luminance and cross talk in a parallax barrier-type 3-D display, we analyzed the relationship between the reduction of cross talk and that of luminance depending on the size of the elliptical pattern. Through this relationship, we optimized the size of the proposed barrier pattern. In addition, we verified that the cross talk of the proposed barrier pattern was superior to both the conventional slanted and rectangular barrier patterns at the same luminance condition. We think that our proposed barrier pattern can be applied to autostereoscopic displays as a design factor for reducing cross talk. We expect that an autostereoscopic display with our proposed barrier will provide much better cross talk reduction for viewers.
